Abstract This study investigates the relationship between historically observed changes in extreme precipitation magnitudes and temperature (P ex -T relationship) at multiple locations in Canada. The focus is on understanding the behavior of these relationships with regards to key storm characteristics such as its duration, season of occurrence, and location. To do so, three locations are chosen such that they have large amounts of moisture available near them whereas four locations are chosen such that they are located in the land-locked regions of Canada and subsequently have no nearby moisture source available on them. To investigate the effect of different storm durations on P ex -T relationship, storms of durations: 5, 10, 15, 30 min, 1, 2, 6, 12, 24 h are considered. Finally, P ex -T relationship is analyzed separately for summer and winter seasons to quantify the influence of seasons. Results indicate strong influences of storm duration, season of occurrence, and location on observed precipitation scaling rates. Drastic intensification of precipitation extremes with temperature is obtained for shorter duration precipitation events than for longer duration precipitation events, in summers than in the winters. Furthermore, in summertime, increases in the intensity of convection driven precipitation extremes is found highest at locations away from large waterbodies. On the other hand, in wintertime most drastic increases in extreme precipitation are obtained at locations near large waterbodies. These findings contribute towards increasing the current understanding of precipitation extremes in the context of rapidly increasing global temperatures.
Introduction
Human induced climate change is expected to bring considerable changes in hydroclimatic regimes across the globe (Stocker et al. 2013) . Global Climate Models (GCMs) have been used to simulate future climatic conditions under projected future greenhouse gas trajectories. The skills of GCMs rely heavily on their ability to simulate complex geophysical and chemical processes occurring within the global climate system. While some of these processes such as energy balance are well represented in the GCMs, some other such as convection, are highly simplified. Due to such inadequacies in simulating key physical processes, GCMs have been found to exhibit more skill in modelling temperatures than precipitation (Stocker et al. 2013 ).
An increase in temperature across the globe is the most robust climatic change projected by GCMs over the twenty-first century. Precipitation extremes are expected to become more intense in warmer future climate following the Clausius-Clapeyron (C-C) relationship. The C-C relationship expresses the saturation water vapor pressure (e s ) as a function of absolute atmospheric temperature (T) as:
where, l v is the latent heat of vaporization and R v is the gas constant. Upon simplification and incorporation of theoretical values of the atmospheric constants, above relationship describes saturation-specific humidity to follow an exponential curve and increase with temperature at a scaling rate of~7% per°C. This scaling in saturation-specific humidity translates to an increase in the magnitude of extreme precipitation events in conditions when relative humidity stays constant (Westra et al. 2014 ). This precipitation scaling rate of~7% per°C is referred as the 'theoretical' precipitation scaling rate (PSR) in the rest of the paper. Given that temperature projections made by the GCMs are reliable and robust, the prospect of using C-C relationship to estimate future precipitation extremes has resulted in the evaluation of extreme precipitation-temperature relationship and quantification of PSR in many studies (Zhang et al. 2017a, b; Wasko et al. 2016; Miao et al. 2016; Drobinski et al. 2016; Molnar et al. 2015; Panthou et al. 2014; Westra et al. 2013; Lenderink and Meijgaard 2008) . Different indices including temperature specific precipitation extremes (Drobinski et al. 2016; Lenderink and Meijgaard 2008) , precipitation events crossing 95th quantile (Zhang et al. 2017a, b; Scoccimarro et al. 2015) , precipitation events crossing 98th quantile (Wasko and Sharma 2014) , precipitation events crossing 99th quantile (Shaw et al. 2011 ) and annual maximum precipitation (Westra et al. 2013 ) have been used to define precipitation extremes when calculating PSRs. Zhang et al. (2017a) demonstrates that the magnitude of calculated ('observed' hereafter) PSRs depend critically on the methodology chosen to extract extreme precipitation quantiles. Molnar et al. (2015) compared the observed PSR magnitudes of convection driven precipitation events with non-convection driven events. They obtained higher PSR magnitudes for the former storm types than the latter. Similar findings have been made in other studies (Berg and Haerter 2013) . In addition, the duration of the storm event (Haerter et al. 2010; Zhang et al. 2017b) , season of occurrence (Berg et al. 2009; Shaw et al. 2011) , and location (Panthou et al. 2014 ) have been identified as factors shaping the spatio-temporal variability of PSR magnitudes.
The objective of this study to analyze the variation of PSR magnitudes with key precipitation storm characteristics such as its season of occurrence, its duration, and its location with reference to nearby moisture sources. Different extreme precipitation thresholds are also used to define extremes and the sensitivity of PSR magnitudes towards the selected thresholds are also analyzed. Since similar assessments (as reviewed before) have been performed mostly in Europe, this study is among the few studies (such as Panthou et al. 2014 ) that have assessed the spatio-temporal variability of PSR magnitudes in Canada. Additionally, many previous assessments (including Panthou et al. 2014 ) have used a temperature-bin based approach (Lenderink and Meijgaard 2008) to obtain the PSR magnitudes. Recently, limitations of such an approach have been identified and a trend based approach to estimate PSR magnitudes have been recommended in Zhang et al. (2017a) . Therefore, in this study, we have adopted a trend based approach to assess the spatio-temporal variability of PSR magnitudes at different locations in Canada.
The rest of the paper is organized as follows. Study region is described in section 2. Data and methods used in this study are explained in section 3, followed by details of analysis performed and results obtained in section 4. Finally, conclusions based on the obtained results and related discussions are provided in section 5.
Study region
In this study seven locations are chosen for the investigation of precipitation scaling rates. A list of the selected locations is provided in Table 1 and their distribution is presented in Fig. 1 . To investigate the influence of immediate moisture availability on precipitation scaling, three out of the seven chosen locations: LON, MON, VAN, are chosen close to large water-bodies. Among them, LON is surrounded by the Great Lakes, while MON and VAN are surrounded by the Atlantic and Pacific oceans respectively. Remaining four locations: BRN, WEY, IND, KIN are chosen so that they are away from large water-bodies. All these four locations are located in the land-locked prairies region of Canada. The selection of chosen locations is also guided by the length of continuous 5 min precipitation data available at tipping bucket rain gauge (TBRG) stations across Canada. Locations with longer continuous data-records are given preference over locations where shorter data-lengths are available. 
Data and Methodology
Five minute frequency precipitation and daily mean temperatures data are collected for the seven locations from Environment and Climate Change Canada (ECCC). These data are then used to derive precipitation scaling rates using following steps:
& Five minute frequency precipitation data are used to obtain daily 5, 10, 15, 30 min, 1, 2, 6, 12, 24 h precipitation maximum series. & Observed precipitation rates are derived using the C-C relationship that describes that natural logarithm of extreme precipitation magnitude varies systematically with temperature at an observed scaling rate. In this study, PSRs are estimated separately for summer (May to October) and winter (November to April) months. & Multiple approaches for defining and selecting precipitation extremes are considered.
Chosen approaches extract annual maximum precipitation (a-max), and precipitation events above multiple quantile thresholds for analysis. Methods considering precipitation exceeding 80th, 90th, 95th, 97th, 98th, and 99th quantile for the estimation of scaling rates are referred as q80, q85, q90, q95, q97, q98, and q99 respectively hereafter. & The relationship between extreme precipitation and temperature is modelled by assuming that it follows the Clausius-Clapeyron relationship i.e. by considering that natural log of extreme precipitation varies linearly with temperature. Median regression, as opposed to least squared regression, is used to link log of extreme precipitation with temperature as former has been found to be more robust to outliers as compared to the latter (Koenker and Hallock 2001) . The mathematical formulation of the modelled relationship can be presented as: 
where, P ex denotes the magnitude of extreme precipitation, T mean represents the daily mean temperature of the day of the occurrence of precipitation extreme, β 0 q is the quantile specific intercept parameter, β 1 q is the quantile specific slope parameter (or PSR), and ε q is the quantile specific error component of the model. The magnitude and statistical significance of PSRs at p = 0.05 is recorded for further analysis.
Results
The PSR magnitudes obtained during summers at locations near (far away from) large waterbodies are summarized in Table 2 (Table 3) . Corresponding results for winters are summarized in Table 4 (Table 5) .
Largest numbers (47%) of statistically significant PSRs are obtained when precipitation events above 80th quantile are considered as extremes, followed by q85 (42%), q90 (37%), q95 (22%), a-max (13%), q97 (10%), q98 (3%), and q99 (2%). Highest PSR magnitudes are obtained when a-max is considered to estimate scaling rates, followed by q80 and q85, followed by q90, q97, q95, q98, and q99. Between the two seasons, a total of 33% of all cases analyzed are found to be associated with a statistically significant increasing scaling rate in summers. On the other hand, only 10% such cases are obtained. A comparison of the magnitudes of scaling rates between summer and winter seasons also indicates similar findings. Considering all precipitation extreme selection methods, a median precipitation scaling rate of 1.2% per°C is obtained in the summers and 0.5% per°C is obtained in winters. These findings indicate more drastic scaling of precipitation extremes with temperature increases during the summer months than during the winter months.
PSR magnitudes and their variations are also found different for stations located near vs. away from large waterbodies. Larger PSR magnitudes are obtained at locations away from large waterbodies than locations near large waterbodies during the summers whereas reverse observations are made during the winters. Considering all precipitation durations, a median PSR of 1.5% (0.1%) per°C is obtained in the summers (winters) at locations away from large waterbodies whereas a median precipitation scaling rate of 0.9% (0.7%) per°C is obtained in the summers (winters) at locations near large waterbodies. Precipitation rates are found to systematically vary with the duration of extreme precipitation event. In general, higher precipitation scaling rates are obtained for shorter duration precipitation events as compared to longer duration precipitation events. This can be noted from Figure S1 where variation of summertime and wintertime precipitation scaling rates with precipitation duration is presented for stations away and near large waterbodies. Bold blue line joins the median scaling rates associated with precipitation of different durations. A decreasing trend in median scaling rates can be clearly noted in all seasons except in the case of wintertime precipitation at locations away from large waterbodies.
Finally, it is noted that the scaling rates obtained are lower than the theoretical scaling rate of 7% per°C especially during winters. This can be noted from Table S1 where median PSR values are summarized for summer and winter seasons. Median of all PSR values is provided under the column 'all' whereas median of statistically significant values are provided under the column 'sig'.
Conclusions and Discussion
This study investigates precipitation scaling rates (PSR) and factors affecting them at multiple locations in Canada. In particular the variation of PSR with reference to extreme precipitation selection approaches, precipitation durations, seasons, and distance from large waterbodies is investigated. The novelty of this study is one of the few studies that have assessed observed PSR magnitudes in Canada. Furthermore, trend based approach as recommended in Zhang et al. (2017a) have been used to calculate PSR magnitudes as opposed to temperature-bin approach commonly used in previous studies. The magnitude of observed precipitation scaling rates are calculated following the Clausius-Clapeyron relationship which conveys that natural logarithm of the magnitude of precipitation extremes vary linearly with temperature. Results indicate that in the summertime, precipitation extremes have drastically intensified at these locations with increasing temperatures. The intensification is more drastic for shorter duration precipitation events at locations away from large waterbodies than for longer duration events at locations near large waterbodies. Wintertime precipitation, on the other hand, has increased at a rate lower Statistically significant scaling rates (at p = 0.05) are marked with an asterisk (*) sign. Cells filled with dark and light blue (orange) colors are associated with statistically significant and statistically insignificant positive (negative) scaling rates respectively than the summertime precipitation at these locations. The intensification is again found to be more drastic for shorter duration precipitation events than for longer duration precipitation events but more intense at locations near large waterbodies than locations away from large waterbodies. More drastic intensification of shorter duration events is expected because shorter duration events require lesser amounts of moisture supply to intensify than longer duration events. Above results indicate that locations away from large waterbodies are most at risk of increases in convection driven summertime extreme precipitation in a warmer future climate. On the other hand, locations closer to large waterbodies are most at risk of increases in wintertime extreme precipitation in a warmer future climate.
The magnitude and statistical significance of precipitation scaling rates are found to vary considerably with the choice of extreme precipitation selection method. The scaling rates are also found to be considerably lower than the theoretical precipitation scaling rate of 7% per°C identified in the literature. These results verify C-C relationship i.e. there exist a relationship between precipitation extremes magnitude and temperature. However, they also highlight that this relationship is highly complex in nature and that PSR can deviate considerably from the theoretical precipitation scaling rate depending on some of the factors investigated in this study.
The results presented and discussed in this study are based on the assessment performed at representative locations in Canada and the conclusions should not be generalized to all locations in Canada or around the globe. Analysis presented in this study can be extended to other locations to further validate the findings made in this study. Availability of publically available, continuous, high temporal frequency precipitation observations would be vital to extend this analysis to other locations. Regard that PSR magnitudes calculated in this assessment are values averaged across different phases of the internal variability of climate. Future studies interested in assessing the effects of internal variability of climate on PSRs can extend this analysis to only include time-periods when specific modes of internal climate variability such as El Niño-Southern Oscillation (ENSO) are active.
Regardless of above limitations, the analysis does offer useful insights into the spatiotemporal variability of PSRs at the analyzed locations which can help in improving our current understanding and forecasting abilities of precipitation extremes under global warming.
